Genetic incompatibilities between two races of the grasshopper Podisnia pedestris, which differ by a Robertsonian fusion involving the sex chromosome, have been investigated. Crosses were made between four populations spanning the chromosomal dine; Fl hybrids between the races, though not between separated populations of the same race, showed markedly reduced hatching success.
INTRODUCTION
OVER most of its range, the alpine grasshopper Podisma pedestris has the usual acridid XO sex chromosome system. In the Alpes Maritimes of south-eastern France, however, a Robertsonian fusion between the X chromosome and a large autosome has become established throughout a large area, giving rise to a neo-XY sex chromosome system (John and Hewitt, 1970; Hewitt and John, 1972; Hewitt, 1975) . These two chromosomal races meet in a long narrow hybrid zone which runs east-west for about 100 Km along a high mountain ridge. The eastern end of the zone, near Col de Tende, has been studied in some detail; it has been found that there is a chromosomal dine, about 800 m wide, which runs from the lower limit of the species' distribution at 1500 m altitude, through a wide variety of terrain, up to some barren mountains at 2800 m. No allozymic differences have yet been detected between the races, but a distinct difference in shape is associated with the karyotypic difference in mixed populations (Barton, 1979a; Hewitt and Barton, 1979; Barton and Hewitt, 1980a; Halliday and Hewitt, personal communication) .
The most plausible explanation for the maintenance of this chromosomal dine is that hybrids between the two races are in some way less fit than their parents (see Barton and Hewitt, 1980a) . Indeed, the most obvious effect of a Robertsonian fusion is to lower the fertility of heterozygotes, through the production of unbalanced gametes by non-disjunction (White, 1973) . To test this hypothesis, I have carried out some laboratory crosses. It is, of course, dangerous to assume that fitness measured under laboratory conditions accurately reflects fitnesses in the field. However, many components of selection against hybrids may not depend too much on external effects. For example, the rate of chromosomal non-disjunction should not be very sensitive to the outside environment. The results from these crosses should be treated with caution, but the measurement of selection against hybrids is not as difficult as, say, the measurement of the selective effects of different environments.
Crosses have been made between grasshoppers collected from chromosomally pure populations spanning the dine, and also between grasshoppers from a mixed population within it. The first set of crosses shows the cumulative selective effect of all the differences between the chromosome forms, whilst the second set shows the effect of the chromosomal difference itself, and of any other differences which are closely linked to the Robertsonian fusion. Fitness involves many factors; meiosis, embryonic development, hatch rate, nymphal and adult viabilities, mating success, and fertility. All of these have been investigated to some extent, but effort was concentrated on the meiotic, embryonic, and hatching stages. In particular, the second generation from crosses between pure populations was killed and karyotyped early in embryonic development. This strategy was followed because many more eggs than adults can be produced and scored, and because viability in later stages, and mating success, are more sensitive to external conditions. This analysis of selection is thus incomplete, but covers the stages in the life cycle most sensitive to chromosomal changes.
In order to get some direct evidence of the action of natural selection in the field, and also to provide a measure of the rate of gene flow, grasshoppers were exchanged between two chromosomally pure populations. The fate of the transplanted chromosomes was followed over the next two years by the collection and karyotyping of large samples of males. Though the numbers transplanted were small, this transplant experiment gives some confirmation of the results obtained from the laboratory crosses. HEWIYF, 1972) (i) Crosses between pure populations
METHODS (MODIFIED FROM KELLY-STEBBINGS AND
In the early July of 1977, about 100 immature grasshoppers were collected from each of four populations in the study region near Col de Tende. Two of these sites, denoted by 0 and 0', are occupied by the X0 race; they are about 3 Km apart, separated by a river, and are about 3 Km from the dine. The other two sites, denoted by Y and Y', are about 6 Km apart, and 4 Km from the dine ( fig. 1) . Thus, simple isolation by distance can be distinguished from inter-racial divergence.
These nymphs were brought back to the laboratory within 48 hours.
Very few died in transit, and they later did as well as grasshoppers hatched in the laboratory. The four samples were reared to adulthood in standard locust cages at 20-23°C by day, and 10-15°C by night, and were fed on nettles, plantain, and comfrey; in addition, radiant heat was supplied by light bulbs.
As the nymphs moulted to become adult, single pair crosses were set up in individual cages. There was some difference between the samples in chromosomal dine is marked by a thick line; in dotted sections, no mixed populations have yet been found. Major peaks and rivers, and two contours, are also shown.
emergence time, but males emerge a few days earlier, so that inter-racial crosses could always be set up using newly emerged females; male age probably affects fertility less than female age. The feeding and temperature regime was as for adults. Four blocks of 16 cages were set up, each containing all possible pairwise combinations of the 4 samples. The cages were laid out in a Latin Square design, to minimise the effect of temperature variations through the insectary. After about ten days of adult life, females began to lay pods of 20 or so eggs, in moist peat-sand mix. Pods were laid at intervals of two to three days; after the first pod, the male was frozen, after his testes had been fixed, for later karyotypic, morphometric, and electrophoretic analysis. By this time, pairs had mated many times, and the female had a good store of sperm. After she had laid two or three pods, the female was frozen. Though more pods could have been obtained, the body was needed for electrophoresis, so that the Mendelian inheritance of electrophoretic variation could be confirmed.
The egg pods were stored in separate Petri dishes, filled with moist sand, at room temperature for 3 months. During this period, the embryo grew to fill the egg, and then went into a quiescent diapause (see Hewitt and East, 1978 for an account of grasshopper development). The eggs were then kept at 1°C for 5 months, simulating winter conditions and breaking the diapause.
In the spring the eggs were put into a 26°C incubator to hatch. After 2-3 days, as they began to hatch, the pods were transferred in their Petri dishes to large locust cages; the various classes of cross were kept separate if they differed by race, but crosses differing only by population were pooled (table 1). The hatch rate, and the numbers of dead just after hatching could be As the insects became adult, single pairs were set up as before. Males were frozen, and their testes fixed, after their mate had laid one or two pods, but females were allowed to go on laying until they died. This greatly increased the number of eggs obtained, but meant that only one parent was available for electrophoresis. The egg pods were fixed after 21-25 days of development at room temperature, to allow the investigation of their karotype (for details see Hewitt and East, 1978) .
(ii) Crosses between grasshoppers from within the dine
In the early part of August 1978, roughly 200 nymphs were collected from an area less than 40 metres across (site 121 of Barton and Hewitt, 1980a, and M in fig. 1 ). Gene frequencies should change little over this distance; the population was very dense, and there were no barriers to dispersal across this open meadow. The insects were brought back to Norwich, reared to adulthood in bulk cages, and set up in single pair crosses as before. The females were allowed to lay until they died, and so only males were available for karyotypic and electrophoretic analysis. Half the pods from each cross were fixed before diapause for karyotyping, as before, and half were hatched out after 3 months at room temperature, and 45 months at 1°C. The karyotypes of the parents could be deduced unambiguously from the karyotypes of the progeny; the karyotypes of the other pods from the same cross were thus known by inference.
(iii) The transplant experiment In 1976, two sites of differing karyotype, in Valmasque and at Lac Long, were chosen for a transplant experiment (these sites are within 200 metres of sites 0 and Y, respectively). As soon as the population became largely adult, young grasshoppers of both sexes were collected from each, marked with paint, and scattered over the same site on the same morning. A few hours later, a sample was collected from the area over which the marked insects had been scattered. The proportion of marked grasshoppers in this sample gave a measure of the fraction of the population which had been caught; collecting continued until about a third of the marked insects had been recaptured. Some of the insects were retained for karyotypic and electrophoretic analysis, and the remainder were released early the next morning, whilst still cold and immobile, at the centre of the opposite site. In the following years, large samples of males were taken from up to 30 metres around the release points, and karyotyped to detect the transplanted chromosome type. These were marked individually by removing a unique combination of leg joints, so that the position of each male was known.
RESULTS (i) Crosses between pure populations
The date of laying a pod, and the numbers of eggs per pod, did not differ significantly between the hybrid and non-hybrid crosses. This was to be expected, since these variables are characteristics of the female rather than of the cross. However, there was a large difference in hatching success between chromosomally hybrid and non-hybrid crosses (table 2(a)). No such incompatibility was found in crosses between grasshoppers from different sites within the same race; the differential mortality is associated with the chromosomal difference, and is not just due to divergence between distant populations. Pods were dissected, and the unhatched eggs were classified according to the stage of development of the dead embryo (table 2(b)). The hybrid crosses showed an excess of embryos which ceased development very early, and also of embryos which died as they were hatching.
In judging the strength of selection, the parameter of interest is the mean hatch rate. This will determine the numbers which survive to breed from a given number of eggs. Since most of the variation was due to differences in female quality, rather than to sampling error in determining the hatch rate of each cross, it is reasonable to weight crosses equally, rather than by the number of eggs laid. The observed mean hatch rates were 055 in nonhybrid crosses, and 0 28 in hybrid crosses, implying a 50 per cent selective force acting against hybrids. Although the numbers of crosses involved were TA8LE 2 Sections (a) and (c) give the numbers of crosses in each class, and the corresponding hatch rates. The latter were determined by dissecting the pods after hatching; survival to second instar was much lower. The proportion of eggs which were found in various states is given in sections (b) and small, and the hatch rates were not normally distributed, confidence intervals were obtained using the t-test; this is fairly robust to deviations from normality. At a 95 per cent confidence level, the non-hybrid rate is between 0•45 and 064, whilst the hybrid rate is between 0 17 and 040. Combining these limits, we find that the fitness ratio is between 031 and 079; the selection operating at this stage alone is between 20 per cent and 70 per cent.
There were no consistent differences in survival, rate of development, fertility, or rate of egg laying between the various classes after hatching; the numbers involved are small, however. The results of the karyotypic analysis of the offspring are presented in table 3(a). (Only the totals for each class of cross are given; details of the states of the eggs from each of the 28 crosses, including the karyotypes of the various mutants, are contained in Barton, 1979a.) Since there is a good deal of variation between pods and between crosses, x2 tests cannot be used to test for differences in the frequencies of abnormalities between classes. The fraction of apparently normal embryos (S) varies greatly between crosses, but there is no consistent pattern to this variation. One would have expected a lower fraction to have survived from F1 and perhaps backcross classes, since the hatch rates were found to be lower in the previous generation. However, the number of crosses here is smaller, and so these results do not contradict the findings described above.
In any case, much of the failure of hybrid eggs was caused by death at hatching, which would not affect these pre-diapause figures unless it were caused by some chromosomal abnormality.
Embryonic failure mostly occurred at early stages (UD). About 3 per cent of the embryos were haploid; this could have been because of a failure of fertilisation. Some crosses were more liable to produce haploid eggs than others. About 05 per cent (or 1 per cent of the survivors) were polyploid; it is often difficult to work out just what the original genotype was, because of somatic variation. About 15 per cent (or 3 per cent of the survivors) were aneuploid in some way. One would expect non-disjunction of the sex chromosome trivalent in heterozygous females to account for some of this aneuploidy; some 22 and 25 chromosome embryos would result, although half of the aneuploid progeny would go undetected, since the X chromosome is indistinguishable from the large autosomes at mitosis. Out of the 538 eggs produced by heterozygous females, 5 had an acrocentric missing or extra, whilst out of 533 eggs produced by homozygous females, another 5 had similarly aneuploid karyotypes. Non-disjunction is clearly rare, and is unimportant in comparison with other causes of aberration.
The behaviour of the large B chromosome is interesting; there seemed to be considerable meiotic drag acting against it, both in males and females. The average transmission rate was 40 per cent, but it was much less in some crosses. In comparison, the B chromosome of Myrmeleotettix maculatus shows meiotic drag in the male, but meiotic drive in the female (Hewitt, 1973) .
Podisma pedestris usually has two very small pairs of acrocentric chromosomes, but 5 out of the 56 parents in these crosses were heterozygous for a small metacentric chromosome. There was no significant drive or drag in these crosses, but sometimes two copies of the metacentric were passed on.
Although the variation between crosses made the detection of differences in the frequency of abnormalities difficult, it is probably reasonable to test for deviations from the expected equal ratios of normal karyotypes using the x2 statistic, on the assumption that segregation ratios do not vary between crosses. Such tests are quite sensitive, since many eggs were scored. There are no significant deviations from equal transmission of the two sex chromosome types, but there is an excess of females in the 00 class, and, less strikingly, of males in the OH class. These differences in sex ratio could be due to meiotic drive, or to differential viability. The OH class only contains a single successful cross, but the 00 class contains six. The bias is only significant in one cross (x = 6.1), but on the other hand, there is no significant difference in ratio between the crosses (x= 48), and the overall ratio is significantly different from equality (x = 8.0). The phenomenon is odd; it would be interesting to re-examine population 0. However, the fission/fusion polymorphism seems to segregate normally; table 3(a) (iii) shows that there is little difference in the frequency of the various chromosome types between mating and diapause. (ii) Crosses between grasshoppers from within the dine As in the last experiment, there were no significant differences between the chromosomal classes in the date of laying, or in the numbers of eggs per pod. Hatch rates were much lower than before (an overall mean of 023 as against 0.45), apparently because many embryos ceased developing at or just before diapause (table 2(b, d) ). This reduction in hatch rate bears no relation to chromosome type. Hatch rates vary greatly between crosses, but there are no consistent patterns. The difference in overall hatch rate could be a real biological phenomenon, caused either by a peculiarity of this particular population, or by hybrid breakdown at the centre of the dine. However, it is also possible that these eggs were inadvertently treated differently in some way from the last batch.
The results of the karyotypic studies are presented in table 3b. This sample of parents provides the only information on female karyotype frequency, apart from a few small samples in Hewitt (1975) and John and Hewitt (1970) . 20 XO males, 32 XY males, 5 XO type females, 19 heterozygous females, and 16 XY type females were collected. These numbers are in Hardy-Weinberg proportions ( = 1.2), and so there can be no strong assortative mating between the chromosome types. The chromosome frequency is the same in the two sexes ( = 0.6).
Our expectations for this set of crosses are rather complicated. Apart from producing some infertility in heterozygous females through nondisjunction, a Robertsonian fusion might act directly on fitness through position effects, or by its reorganisation of the recombination pattern (see Hewitt and John, 1972; and Charlesworth and Charlesworth, 1975) . Polymorphisms in each race would adapt themselves to the prevailing pattern of recombination, so that the rarer karyotype in the dine would tend to be selected against (see Bengtsson and Bodmer, 1976 for theoretical examples of the effect of an epistatic polymorphism on the evolution of a chromosomal rearrangement). The same selective force would be produced if other loci involved in the dine were linked to the fusion (Barton, 1979b) . However, neither heterozygote sterility, or selection against the rarer XO karyotype, is suggested by these results; the fraction of apparently normal embryos varies somewhat between classes but no consistent pattern emerges.
Embryonic failure occurs mainly in the early stages, as before. About 3 per cent of the embryos are haploid. These embryos appeared perfectly normal, as did all the chromosomal aberrants. Presumably the maternal cytoplasm dominates at this stage. About 1 per cent of the embryos were polyploid, rather more than in the last set of crosses, and a further 3 per cent were aneuploid in some way, also more than in the last set. Again there is no evidence for non-disjunction. Out of 464 eggs produced by heterozygous females, 6 might have been produced by non-disjunction, whilst out of 532 eggs from homozygous females, 4 were similarly aberrant. Pooling this information with that from the last experiment, one obtains an upper limit of 1•6 per cent (with 95 per cent confidence) for the non-disjunction rate, expressed as a fraction of the surviving embryos. The B chromosome is rare in the population from which this sample was taken, and so the meiotic drag found in the last set of crosses is not apparent. The segregations here do not contradict the previous transmission rate of 40 per cent, however. The small metacentric does not seem to be present, although it may have been missed; the crosses between pure populations were karyotyped after these, and the polymorphism was only noticed then.
There are no significant deviations from Mendelian segregation, either for the X chromosome or for the fusion. Overall, there is little deviation from the expected genotypic frequencies between mating and diapause (table 3(b)(iii)). There is no evidence for any selection on the karyotype.
(iii) The transplant experiment The results of this experiment are shown in table 4. The initial numbers were calculated from the proportion of marked grasshoppers recaptured, on the assumption that the male and female populations were equal. The Valmasque site is quite well defined, being surrounded on three sides by trees, and the frequencies given are the averages over this area. At Lac Long, however, the site is not so restricted, and the transplanted gene spread out beyond the area over which the painted grasshoppers had been scattered. The initial (1976) frequency given in table 4 is the average over this larger area; the frequencies for later years are averages over the same areas.
TABLE 4
The results of the transplant experiment. The first section contains the numbers involved in the Lincoln index estimate of population size, and the numbers transplanted. The second contains the results of subsequent sampling of males, and the third the 95 per cent confidence limits on karyotype frequencies. Since the fusion is sex linked, one would expect the frequency in males to equal that in females in the previous generation, and that in females to be the average of the male andfemalefrequencies in the previous generation Substantially fewer transplanted grasshoppers were found than expected; none were found at either site in 1977, whilst only seven were found at Lac Long in 1978. This could be because the foreign type did poorly in the first year, because it dispersed outside the area searched, because hybrids were selected against, or because the native population was higher than that indicated by the mark-release-recapture estimate. Marked grasshoppers were seen mating with the native population in the first year; it is unlikely that the transplanted individuals arrived late in the laying season, since native adults had only emerged a few days before the transplant. This effect is therefore unlikely to explain much of the drop in frequency. Damage in transit is also rather unlikely; Podisma nymphs have survived the much more traumatic journey back to England very well. It is possible that some transplanted genes spread outside the area searched; however, it is unlikely that dispersal is fast enough to explain much of the loss (Barton and Hewitt, 1980b) . It is also possible that the initial native population was augmented, after being measured, by the moulting of nymphs through to adult. Few nymphs were seen at either site on the day of the transplant, though there were more at the shadier Valmasque site. These arguments leave selection against hybrids as the most plausible explanation; crosses between populations 0 and Y (very close to these sites) showed greatly reduced F1 hatch rates in the laboratory.
Discussxo
These crosses have shown that there is considerable incompatibility between populations spanning the dine, though not between separated populations on the same side. This incompatibility acts surprisingly early, at and before the hatching of the first generation (the F2 viability was not investigated beyond diapause). There is no evidence for any chromosomal involvement; a Robertsonian fusion would only be expected to produce infertility in the F1, and perhaps some hybrid breakdown in the F2 because of altered recombination patterns. Neither of these was observed; in particular, the non-disjunction rate was very low (<1.6 per cent, and
